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ABSTRACT 
 
Several biological applications involve measuring intracellular and extracellular pH values. 
This thesis reports a novel technique that uses the basic principles of a MOSCAP. Based on 
its functionality, the device is termed as iOSCAP (Ion Oxide Silicon Capacitor). As the name 
suggests, the device consists of an ionic layer on top of an oxidized Si wafer. The strength of 
the ionic solution determines the capacitance of the device, as the ionic strength modifies the 
work function of the ionic layer, thereby changing the surface potential of the device. The 
sensitivity of the device based on the results obtained is ~ 100pF/80L/pH which is sufficient 
for the target applications, and the changes can be recorded using an LCR meter. In addition, 
the device can be used for tracking the intracellular and extracellular changes as its response 
time is ~ 5 ns. Light addressability has been tested but it will find more use when specific cell 
measurements are done. The device has been tested in the lab and can be made commercial by 
proper packaging and modeling. 
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CHAPTER 1: INTRODUCTION 
 
In biological sensing, the pH (potential of hydrogen) value of biological fluids plays a pivotal 
role. The pH range for biological fluids is 5.5-7.5 in general, with a few exceptions such as 
stomach acid which has a pH value of 2. Slight changes in pH values can lead to drastic 
changes in the overall dynamics of the cells or vice versa. Typically a living cell regulates its 
pH value by transporting protons in and out, in order to avoid denaturing of enzymes, 
proteins, and nucleic acids in extreme pH values. But even within the live cell, due to the cell 
metabolism, the pH value changes. The ultimate goal of this project is to come up with a 
robust and reliable sensor for detecting these small intracellular or extracellular pH changes, 
so as to identify the intracellular systems and to track the intracellular activity.  
1.1 Objectives and Importance of Methodology 
As mentioned above, pH holds great importance in our life. A graphical representation of pH 
for different daily uses is given in Figure 1.1 to give an idea about pH. First of all it is of great 
importance to understand what pH is and why is it necessary to observe it and regulate it in 
one’s body. In our body we have different pH levels in different organs due to different kinds 
of biological activities associated with them; for example the stomach needs to have an acidic 
pH level to digest food properly. The human body is generally 80% alkaline, i.e., it has a pH 
value between 7.1 and 14, and 20% acidic, i.e., it has a pH value between 0 and 7 [1,2]. 
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Figure 1.1: pH values for different entities 
It has to be understood that acid-alkali balance in the body is critical. Any slight modification 
can lead to grave health concerns; for example acidosis [3] or alkalosis [4] can be life 
threatening if blood pH falls below 6.8 or exceeds 7.8, as it can cause irreversible damage to 
the cells. Similarly, any change in pH can provide an ideal environment for bacteria and 
viruses to grow as the functionalities of the antibodies are hampered when pH changes. It can 
be stated that pH balance indicates good health. Thus, to ensure a healthy body, it is necessary 
to have healthy building blocks, which are cells in our case. Thus, their pH has to be 
regulated. This generates the need for sensing the pH of cells, by a nanoscale sensor. Consider 
the case of imbalance of pH in the stomach or elsewhere in the digestive system, which can 
result in bad breath. If we deploy a pH sensor in the mouth which triggers an alarm when 
there is a pH imbalance, this can help in keeping the digestive system fine as well as avoiding 
bad breath. This can serve a medical purpose as well as improving the overall hygiene. 
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1.2 Existing Techniques for pH Detection 
Intracellular measurements date back to the early 1900s when the problem of measuring pH 
of biological elements was encountered.  For instance, in 1912 Michaelis and Davidoff 
observed that red blood cell lysis caused blood pH to change [5]. At the same time, several 
other methods, such as the use of naturally occurring indicators, were used to detect changes 
in pH. One can classify all these efforts, as follows: 
• Weak acid and base distribution 
• pH-sensitive electrodes 
• pH-sensitive dyes 
We can discuss all of these one by one. As the name suggests, weak acid and base distribution 
involves distributing a weak acid or base around the cell. The distribution across the plasma 
membrane of the cell for the weak acid or base is dependent on the intracellular and 
extracellular pH values [5]. This led to estimating intracellular pH values. There are several 
pros and cons associated with this technique. One factor that makes this technique unviable is 
that it requires destruction of tissue, casting doubt on its in vivo use. Besides that, once the pH 
value has been measured the induction of external solution alters the pH of the cell by 
diffusion, thereby affecting the measurements. However, this technique can serve to modify 
the contents of cell, which is a subsidiary use and not our primary purpose. Hence, this 
technique is no longer used. 
Now we come to second category of sensors, pH-sensitive electrodes. This can be sub-
categorized. As this category has evolved, we have moved from miniaturized metal electrodes 
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for pH sensing to glass electrodes, as well as the invention of liquid membranes serving as 
electrodes. Early on, metal electrodes were deployed for intracellular pH sensing and efforts 
were made to miniaturize them. This was a hard task, especially because of the high resistance 
encountered with miniaturizing metal electrodes. This was done until the 1950s when the first 
glass electrodes were being used as intracellular pH-sensing electrodes by Caldwell [6]. The 
most important benefit of the glass electrode is its low resistance, which makes it a more 
popular choice than the metal electrode. This technique is very useful as it enables one to 
directly measure the pH of a cell. This technique is illustrated in [6,7], where intracellular pH 
measurements are performed in a single human fat cell using ZnO nanorods as a working 
electrode with Ag/AgCl as a reference microelectrode.  
We now come to the last category, color changing indicators. Previously, naturally color 
changing indicators such as Hydrangea flower and lichen species were used and they 
responded very well to small changes in pH and changed color. But the biggest problem with 
naturally occurring indicators was that they destroy the cell generally, which poses grave 
concerns for cell health by inhibiting transporters. Although the technique was simple and 
fast, it had to be avoided due to its dangerous nature, until the advent of fluorescent dyes, 
which altogether revolutionized the concept of color changing indicators. For different cells, 
we can come up with harmless fluorescent dyes. This technique, however, is useful for 
detecting relative pH changes and not absolute pH values.  
Hence, if we draw a conclusion from above discussion we are limited to perform electrical 
measurements, if we have to determine absolute pH value.  Thus, the inspiration for this 
project, in this regard, has been derived from an ion-sensitive field effect transistor (ISFET) 
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and a metal oxide silicon capacitor (MOSC) which are shown in Figure 1.2. As a MOSFET 
has been modified to an ISFET, we can similarly modify a MOSC. 
 
 
Figure 1.2: MOSFET, ISFET and a MOSCAP 
 
1.3 Research Scope and Methodology 
As a starting step, I have made a macroscale device, which is similar to a MOSC. I have used 
the word macroscale because my device’s operating dimensions are in the range of 
6 
 
millimeters, which is extremely large as compared to the dimensions of organism cells. This 
device, which I have termed as the Ion Oxide Silicon Capacitor (iOSCAP), detects changes in 
pH values of solutions placed on top of the device. The name Ion in the device comes from 
the fact that the solution placed on top of the device provides an ionic layer whose work 
function varies with change in the pH value. Thus the overall structure of the device is similar 
to a MOSC but the difference lies in the fact that instead of a metal on top, with constant work 
function, the top layer is an ionic solution whose work function varies. Underneath this ionic 
layer everything is pretty much the same. An oxide layer of approximately 30 nm has been 
deposited on top of a 5 µm thick, 6 inch diameter, silicon wafer. The backside of the wafer 
has been coated by aluminum to establish a back connection.  
The change in the pH value of the solution on top results in a significant capacitance change, 
leading to a state-of-the-art, easily fabricated and extremely sensitive sensor. Change in 
capacitance is measured using an LCR meter which has been interfaced with the computer 
using a LABVIEW program. This device can be scaled down and will be used further for 
intracellular measurements. In this thesis, I demonstrate the functionality of the device by 
testing it against different pH values. To avoid eroding the oxide layer with the base, only pH 
values below 7 have been tested with the device. The capacitance follows a direct dependence 
with the pH value. For a high pH value, the capacitance is high and for a low pH value it is 
low. In the following chapters, I will focus on the device characterization, physics and 
fabrication methodology. 
 
  
7 
 
CHAPTER 2: DEVICE DESIGN AND FABRICATION 
 
Designing a device is perhaps the most essential process in the entire project. Once the device 
has been designed, the next important step is to come up with a set of procedures for device 
fabrication which can make the design a reality. This chapter focuses on device design and 
fabrication. It is important to mention that both the device design and fabrication involve 
critical elements and have been addressed carefully in this project. Discussed below are some 
of the key aspects regarding both. 
2.1 Device Design 
Device design for this project started with testing commercial solar cells with ionic solutions. 
It was observed that as the pH of the ionic solution, poured on the bare solar cell top surface, 
was changed, the short circuit current of the solar cell changed. To clarify, by bare solar cell I 
mean a solar cell whose anti-reflecting layer has been removed. This observation led to the 
question, Can this commercial solar cell be used as a pH detector? The answer to this, based 
on the results achieved so far, is yes. The results obtained are shown in Figure 2.1. However, 
the results show inconsistency w.r.t. the solar cell being used. This led to the concept of 
coming up with a much simpler design that could essentially exploit this observation. It took 
little effort to think of something from basic solid state electronics. Metal oxide 
semiconductor (MOS) capacitors were thought of as an easy and simple alternative to the 
commercial solar cell. The only difference is that instead of metal layer on top, the ionic layer 
on top provided a substitute for metal with unique work function. Thus, the goal of the project 
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was to test out a iOSCAP. The rudimentary step in this process was to create an iOSCAP first. 
Described below is a fabrication process which was adopted in pursuit of this goal. 
 
Figure 2.1 : Solar cell I-V curves 
 
2.2 Device Fabrication 
In a nutshell, the device has been fabricated using a bare n-type silicon wafer. The steps 
involved in fabrication are listed in Figure 2.2 and are as follows: 
• Bare silicon wafer after wafer cleaning 
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• Oxidation 
• Photoresist (PR) deposition  
• Buffered oxide etching  
• PR stripping 
• Aluminum deposition 
• PDMS (polydimethylsiloxane) well. 
Each of these steps is described in detail below.   
 
2.2.1 Bare Silicon Wafer after Wafer Cleaning 
As mentioned above, the wafer which has been selected is an n-type silicon wafer, whose 
thickness is 5 µm and diameter is 6 inches. The wafer selection is a critical process and the 
wafer must be of a suitable thickness for carriers to flow from the top to the bottom surface. A 
very thick wafer can result in carriers not being able to flow in a streamlined manner, 
resulting in irregular behavior of the device. A very thin device can have interference due to 
surface fields and can thus make the device behave irregularly. Thus, a suitable device 
thickness within the range of 2-10 µm is required. Our device thickness of 5 µm falls well 
within this range.  
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In Figure 2.2 the wafer has been shown with light grey in step 1. However, the wafer cannot 
be used right away, as coming from industry, it has been subjected to many transfers and 
much handling, resulting in contamination, especially on the surface. This contamination 
generally comprises organic substances, metallic contaminants and native oxide. All these 
substances must be removed to reveal clean silicon. To achieve this, a standard method, called 
RCA clean [8], is being deployed. RCA clean primarily removes organic substances and 
metallic contaminants. This RCA clean is just done in the beginning and is very critical to our 
device, which is very sensitive to these kinds of contaminations. The native oxide layer is 
removed using a 30 second dip in hydrofluoric (HF) acid. Since, in our device we are dealing 
Figure 2.2: Fabrication Steps 
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with a specific thickness of oxide, any variation in that can change the results. Therefore, 
removal of this oxide, which is the result of exposure to air, is essential. After this has been 
done, for every subsequent step the wafer is degreased, which involves a simple degreasing 
procedure [8] as opposed to RCA clean. 
 
2.2.2 Oxidation 
After the wafer has been cleaned, the next step is depositing an oxide layer on the top surface. 
This oxide layer, silicon dioxide (SiO2), has been deposited using dry oxidation. The oxide 
layer is 30 nm thick and the device is subjected to dry oxidation for 13 minutes at 1100ºC, 
calculated using GT-4 curves [9], shown in Figure 2.3. Dry oxidation has been picked as 
opposed to wet oxidation for two reasons. Firstly, for such small thickness, it provides better 
control as it is slow. Secondly, and most importantly, it provides better quality oxide as 
opposed to wet oxidation which has more dangling bonds, lesser oxide quality, and lesser 
dielectric strength.  The oxide quality is very important as having no impurities ensures that 
there is no fluctuation in the results and thus one can be sure of the results. Otherwise, 
impurities such as Na ions move appreciably in the oxide layer, affecting the threshold 
voltage as well as the oxide capacitance. 
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Figure 2.3 Oxidation thickness curves 
For oxidation purposes the wafer is put in a wafer cassette and then into a Lindbergh-
Tempress 8500 manual oxidation furnace for 13 minutes. Wafer orientation in our case is 
(100). The complete dry oxidation process in detail can be found in [10]. In Figure 2.3, the 
oxide layer is shown in blue. 
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2.2.3 Photoresist Deposition 
As seen in Figure 2.3, after oxide layer deposition we have a layer of oxide on the bottom 
surface as well, which is not required in our device and has to be removed. In order to do so, 
an intelligent approach is taken. On the top surface of the wafer, a layer of Shipley 1813 
positive photoresist (PR) is deposited. This is done by dropping 40-50 drops of PR on the 
surface, which are then spread uniformly using a spinner which uses a combination of 
centrifugal force and surface adhesion, while spinning at 3000 revolutions per minute (RPM). 
To promote adhesion of the PR to the surface, 5-6 drops of hexamethyldisilazane (HMDS) are 
dropped on the surface and are spread out using spinner before depositing PR. HDMS acts 
like a surfactant and provides strong adhesion between the surface and the PR. This layer of 
PR is shown in red in Fig 2.1. After the PR is spread out, the wafer is soft-baked and then 
hard-baked to ensure it does not dissolve, unless required, in the subsequent processes. A 
detailed description of the process can be found in [11]. 
 
2.2.4 Buffered Oxide Etching 
Since the PR has been deposited on the top surface, the oxide of desired thickness is being 
covered while the oxide on the back surface has been left exposed. This makes it intuitive that 
now when the wafer is being subjected to any form of etching, this would result in oxide 
stripping from the bottom. This is achieved by doing buffered oxide etching (BOE)  6:1 
(ammonium fluoride) NH4F: (hydrofluoric acid) HF of the wafer. The wafer is being put in a 
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wafer cassette and immersed in a BOE solution for 6 minutes, resulting in oxide being 
stripped off from the bottom layer. After the BOE has been done, the backside is tested using 
a hot-point probe method for any residual oxide. If there is any residual oxide, further BOE 
exposure is used to remove that too. In this project, BOE has been done in three intervals of 6 
minutes, 3 minutes and 2 minutes to ensure that no oxide has been left on the bottom side. 
The wafer looks like step 4 in Figure 2.2. 
 
2.2.5 PR Stripping 
This step involves removing the PR layer on the surface, which has served its purpose now in 
the fabrication process. This layer of PR is removed by standard degreasing method, which 
involves the top surface of the wafer being subjected to acetone, which takes care of PR and 
strips it off. Subsequent washing with IPA and DI water takes care of rest of the surface 
cleaning. This is shown in step 5 of Figure 2.2. 
 
2.2.6 Aluminum Deposition 
Now comes one of the other most critical operations of the device fabrication. After the PR is 
removed, the wafer, with oxide layer on top, is subjected to an LDS 7211 evaporator, to 
deposit 200 nm of aluminum on the backside. This provides back contact for the device. The 
device after this process looks like step 6 of Figure 2.2. The process involves creating a 
vacuum inside the chamber, generally of the order of 10-7 Torr, before aluminum is heated 
using a filament and evaporated, to ensure that  there is no impurity present while aluminum 
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is deposited on the wafer surface. This low pressure ensures that the mean free path of 
particles is ~ 100 meters, which is much larger than the length of the chamber, ensuring that 
only aluminum gets deposited on the surface. Details of the evaporation procedure are in [8]. 
 
2.2.7 PDMS (Polydimethylsiloxane) Well 
The device is incomplete unless there is room for liquid to be placed and held on the top 
surface. One more thing that needs to be taken into account is that the volume of liquid 
poured on top has to be the same. To ensure this, a well has been made on top of the wafer 
which has been made using PDMS. PDMS is a polymer and sticks very well to most surfaces 
and is waterproof, thereby ensuring no leakage of the liquid. This is shown in step 7 of Figure 
2.2. PDMS has been prepared in the lab by mixing 10 parts of PDMS prepolymer with 1 part 
curing agent. This results in a thick viscous solution, which when left overnight at room 
temperature cures into a solid PDMS. The well is created by punching a hole in the PDMS 
stamp by a paper-punching machine. This PDMS, with a hole in it, is placed on top of the 
oxidized silicon wafer. PDMS can be permanently bonded to the wafer using oxygen plasma, 
but we do not want the wafer to have a permanent bond with PDMS. This would restrict the 
use of the wafer and prevent one from cleaning the wafer every time the experiment is done. 
Now the device is ready to be used and tested. This will be dealt with in the chapters to 
follow. 
The actual device is shown in Figure 2.4. To make contact with the liquid, as shown in Figure 
2.4, a platinum (Pt) electrode has been used, due to its inertness, high exchange current 
density and excellent reproducibility [12]. 
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Figure 2.4 : (a) Oxidized Si wafer and PDMS, (b,c) Assembled device 
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CHAPTER 3: EXPERIMENTAL SETUP 
 
This chapter discusses the experimental setup including the lab setup and the ionic solutions 
preparation. This part is very essential for future work on this project. The chapter is divided 
into two sections, one describing the preparation of ionic solutions and one describing the 
actual lab setup, including the instruments and programs created. 
 
3.1 Ionic Solution Preparation 
The ionic solutions of desired pH values were prepared by titrating 0.14 molar (0.14 M) 
hydrochloric (HCl) acid and potassium hydroxide (KOH) in the presence of a phosphate 
buffered saline (PBS) solution, to maintain consistent pH over a long period of time. PBS is 
used to ensure constant pH, which it does with the help of its phosphate groups. The PBS 
used here contained potassium chloride and potassium phosphate and had a pH value of 7.4 
approximately. The recipes for creating ionic solutions of desired pH values are listed in 
Table 3.1. This table lists all the iterations being done and the amount of liquid added in each 
iteration. To start with, all the solutions have 9 parts of distilled (DI) water and 1 part of PBS. 
For these experiments, since a considerable amount of liquid is required, 3600 microliters (µl) 
of DI water is mixed with 400 µL of PBS in the test tubes. After doing this the calculated 
amount of either HCl or KOH solution is poured into the test tube and pH is tested. Once the 
desired value of pH is obtained the iterations are stopped. As mentioned above, all these 
iterations are listed in Table 3.1. 
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Table 3.1 pH solution preparation key 
Starting pH = 7.4 
Desired 
pH 
Liquid Added Resulting 
pH  
Desired 
pH 
Liquid Added Resulting 
pH Type Amount (µL) 
 
Type Amount (µL) 
12 
KOH 100 10.94 
 
6.5 
HCL 115 6.59 
KOH 20 11.13 
 
HCL 2 6.57 
KOH 50 11.43 
 
HCL 3 6.56 
KOH 80 11.7 
 
HCL 5 6.53 
KOH 80 11.9 
 
Desired 
pH 
Liquid Added Resulting 
pH KOH 50 12.02 
 
Type Amount (µL) 
Desired 
pH 
Liquid Added Resulting 
pH  
4 
HCL 100 6.27 
Type Amount (µL) 
 
HCL 25 6.2 
2 
HCL 50 6.91 
 
HCL 30 5.83 
HCL 150 3.39 
 
HCL 60 3.2 
HCL 50 2.71 
 
KOH 30 3.68 
HCL 30 2.54 
 
KOH 6 4.37 
HCL 30 2.41 
 
HCL 3 4.11 
HCL 40 2.29 
 
HCL 1 3.95 
HCL 50 2.17 
 
Desired 
pH 
Liquid Added Resulting 
pH HCL 50 2.08 
 
Type Amount (µL) 
HCL 30 2.02 
 10 
KOH 50 7.69 
Desired 
pH 
Liquid Added Resulting 
pH  
KOH 50 9.83 
Type Amount (µL) 
 
KOH 5 9.99 
6 
HCL 110 6.34 
 
Desired 
pH 
Liquid Added Resulting 
pH HCL 5 6.34 
 
Type Amount (µL) 
HCL 10 6.28 
 5.5 
HCL 260 3.92 
HCL 10 6.2 
 
KOH 65 5.73 
HCL 10 6.09 
 
HCL 10 5.53 
HCL 5 6.01 
 
Desired 
pH 
Liquid Added Resulting 
pH Desired 
pH 
Liquid Added Resulting 
pH  
Type Amount (µL) 
Type Amount (µL) 
 
5 
HCL 185 6.11 
8 
KOH 10 7.68 
 
HCL 50 5.25 
KOH 10 7.74 
 
HCL 10 4.67 
KOH 10 7.89 
 
KOH 6 4.95 
KOH 6 8.04   KOH 0.5 4.98 
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3.2 Lab Setup 
A schematic representation of the lab setup is shown in Figure 3.1 while the actual system 
setup is shown in Figures 3.2 and 3.3. As shown in the figure, the basic components of the lab 
setup are as follows: 
• IV/CV curve tracer 
• Multimeter/LCR meter 
• Test bench with a light source 
 
 
Figure 3.1: Lab setup schematic 
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Figure 3.2: Lab setup 
 
Figure 3.3: Lab setup 
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3.2.1 IV/CV Curve Tracer 
First, it is important to mention the purpose of an IV/CV curve tracer. For the iOSCAP, the 
most critical measurement with which we are concerned is the capacitance (C) measurement 
w.r.t. voltage (V). This C-V curve is of concern to us because as the pH of the ionic solution 
on top changes, the capacitance varies, indicating a change in the pH of the solution. To 
quantify this change, the C-V curve has to be recorded and the data points have to be listed. 
To do all of this recording and listing, one requires curve tracer.   
In this project, the aforementioned functionality has been achieved by writing a code in 
LabVIEW system design software [13]. LabVIEW has the capability to acquire data from the 
sensor and manipulate it as per instructions. Several programs were written during this 
project, but the two most important ones are the ‘Continual measurement’ and ‘Frequency 
Step measurement’ programs. The functionality of these programs will be discussed in the 
later chapters. In a nutshell, they were responsible for fetching data from the LCR meter and 
recording it on the computer. The computer was interfaced physically with the LCR meter 
using GPIB (General Purpose Interface Bus) interface. The role of LabVIEW, in other words, 
is to provide firmware and software for this physical connection.  
 
3.2.2 Multimeter/LCR Meter 
As mentioned above, C-V measurements are taken using an LCR meter. The LCR meter that 
has been used for this project is the Agilent 4284A precision LCR meter. It has been used in 
the experiments to sweep the frequency and voltage. The meter measures the capacitance and 
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transfers the value measured to the computer where the LabVIEW program records it and 
plots it and then also stores the data in Excel files.  
The selection of the LCR meter is based on the fact that it is one of the high-precision meters 
and can detect changes which are ~ 1 nF, as it has 6-digit precision at any scale and can sweep 
the frequency from 20 Hz to 1 MHz. This provides the opportunity to test the device for both 
low-frequency and high-frequency response. Based on this functionality, the operating range 
for the device can be optimized such that the frequency for highest sensitivity can be 
determined. It will be shown later how this is done. The LCR meter is shown in Figure 3.2. 
Thus, after fixing the frequency, the voltage is swept and C-V curves are determined and 
again, using maximization methods, the optimum operating voltage is determined. Based on 
the results, the device is operated in depletion regime, which corresponds to 1.5 V. This will 
be explained in detail in Chapter 5. 
 
3.2.3 Test Bench with a Light Source 
As shown in Figures 3.2 and 3.3, all the experiments are done on a stable stage which has 
been made as noiseless as possible by using hydraulic dampers, shown in Figure 3.2. The goal 
is to avoid any disturbance in the signal, as well as to have the functionality to precisely 
control the position of the sensor. There are three degrees of motion associated as far as 
aligning the device is concerned. These alignments are necessary to ensure that the platinum 
electrode’s height from the surface of the oxide remains constant for each measurement. This 
has been achieved by using micrometer screw gauges, as shown in Figure 3.3.  
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One more thing that is also shown in Figure 3.1 is that the device is illuminated with a light 
source. This is done to expose the liquid to light, thereby generating more electron-hole pairs 
on the surface of the semiconductor. The inspiration for this strategy comes from previously 
made LAPS (light addressable potentiometric sensors), which have been used to determine 
the extracellular potentials of the cell [14,15].  Figures 3.4 and 3.5 show illumination of the 
device. 
 
Figure 3.4: Illumination – top angle 
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Figure 3.5: Illumination – Side Angle 
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CHAPTER 4: DEVICE CHARACTERISTICS AND THEORY 
 
It has been made clear so far that pursuit of this project is to develop a fast, reliable, accurate 
and a handy pH sensor. Now, in this chapter, the focus will be on describing the theory behind 
this sensor. First of all, to understand the behavior of the device, some background should be 
given.  
4.1 Surface Potential Detection 
We know that previously reported LAPSs (light addressable potentiometric sensors) act as 
surface potential detectors, which becomes significant when the surface of the sensor 
underneath the cells is excited using light [16]. The action potential of a cell can be 
determined using H-H theory [17] and is given by Equation 4.1. 
I = C

	
+ I      (4.1) 
Now, considering this fact we know that surface potential plays a pivotal role in defining the 
action potential of the cell, so if we have a sensor which can translate this information into a 
useful signal, then we can measure the value of this signal and any changes can be detected 
and recorded. In pursuit of this goal several methodologies can be deployed, for example 
modulated current measurements, capacitance sensing and frequency shifts, etc. All these 
methodologies have their pros and cons. For this project, capacitive sensing has been picked 
due to its ultra-high sensitivity and resistance to noise. To understand how capacitive sensing 
has been used, first of all a MOSC has to be understood which is described as follows. 
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4.2 MOSC Characteristics 
Based on what has been described above, we start by describing an ideal MOSC and how 
these surface potentials play a pivotal role in the capacitance of the device. Considering 
Figure 4.1 [18], we can write the expression for the total capacitance below. Here QG is the 
gate charge density as shown in the figure and VG is the applied gate voltage. 
C		 =


=  − 

(∅)
     (4.2) 
C		 =  
 !
" !/
     (4.3) 
Figure 4.1: MOS-Cap 
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where %&'  is the oxide capacitance and %(  is the semiconductor (SC) capacitance. As it is 
obvious, from Equation 4.2, that the SC capacitance is based on surface potential, the charge 
in the semiconductor is a combination of charge densities from all three regimes i.e. inversion, 
depletion and accumulation. We thus get a C-V curve for an ideal p-type MOSC as shown in 
Figure 4.2.  
 
Figure 4.2: C-V curve for MOSC 
 
4.3 Deviations from Ideal MOSC 
So far, we have considered the ideal case but in practice, real MOSC C-V curves deviate from 
the ideal model for several reasons such as work function difference between metal and the 
SC, oxide charges, depletion of the poly-silicon gates and quantum-mechanical space-
quantization effects. 
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4.3.1 Work Function Difference 
Ideally speaking, for a MOSC, there is no work function difference, leading to flat bands. 
However, for the real MOSC, the flat band conditions have to be achieved by applying a 
voltage at the gate, which is termed as the flat band voltage. Figure 4.3 shows this for a p-type 
MOSC.  
 
Figure 4.3: Work function difference band bending 
This work function difference modifies the C-V curves, as the relationship between surface 
potential and applied bias changes. If  V*+  is the voltage applied to ideal MOSC capacitor and 
,* is the voltage applied to the real MOSC, then we can write the following relationship [18].	 
∆V. 	V. 	V.
+ 
"
/
∅0 	
"
/
∅  ∅0	 	 										 					 4.4	
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This shift in the surface potential due to the difference in the work function, shifts the whole 
C-V curve as shown in the Figure 4.4 [18].  
 
Figure 4.4: C-V curve shift due to work function difference 
This functionality is of critical importance for us and lays the basic foundation of our device. 
In the results and discussion section, the functionality of this behavior is explained. To have a 
bird’s eye view, it can be stated that if we consider that instead of a metallic layer we have an 
ionic layer on top such that its work function changes, then we can observe significant shifts 
in the curves. This ionic solution with changing work function will be our sample whose pH is 
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changing, thereby changing the capacitance. This will be discussed further in the later 
chapters. 
4.3.2 Oxide Charges 
For my experiment, the other real factor which can play a significant role is the presence of 
oxide charges. These oxidation charges can be of several kinds: 
• mobile-ionic charges 
• oxide trapped charges 
• fixed oxide charges 
• interface trapped charges 
Mobile ionic charges, as indicated by the name, include ionic impurities such as Na and K, 
which are mobile in the oxide. As the gate bias is applied these impurities move within the 
oxide, thereby making measurements unstable. To take care of this we have deployed RCA 
clean methodology in our fabrication process. Similarly, oxide trapped charges involve holes 
or electrons embedded in the oxide layer which can occur anytime, even during the course of 
operation of device. This can be dealt with by taking proper care of the operating conditions 
of the device. Besides that, the fixed oxide charges are the result of structural defects and can 
be avoided by depositing a good quality oxide layer which we have done by choosing dry 
oxidation over wet oxidation. Last but not least, the interface trapped charges can also be 
avoided by following proper fabrication methods and operating procedures. 
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The effect of oxide layer defects is significant and should not be taken lightly as a small 
defect can ruin the whole device. The oxide is necessary for consistency and reliability of the 
device, because we do not want the measurements to fluctuate. The effect of the poly-silicon 
gate is irrelevant in this case, but we do experience some quantization effects due to a thin 
layer of oxide. For now, we are not concerned with the quantum mechanical effects, and we 
recommend their study in future work on this project. 
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CHAPTER 5: EXPERIMENTAL RESULTS AND SIMULATION 
 
This chapter discusses the experimental results coupled with simulation results. First the 
experimental results will be shown, and then an explanation for the facts will be given using 
the simulation results. 
 
5.1 Experimental Results 
Having developed a theoretical background, we now show experimental results and try to 
explain them. So far, from the equations and the graphs, it can be concluded that anything that 
changes the surface potential, be it the work function difference or the oxide charges, leads to 
a change in the capacitance, at a given voltage or vice versa. 
In my experiments, instead of metal layer on the top, the layer on top of the oxide is an ionic 
solution contained in a PDMS well. The ionic solution of different pH values creates a 
varying work function based on the pH solution. It can be considered as different metals, with 
different work functions, placed on top. As discussed in Chapter 4, this work function shifts 
the surface potential and thus results in a change in capacitance. Initial results are shown in  
Figure 5.1. 
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5.1.1 Initial Experiments 
In Figure 5.1, the data for two different pH values, pH 4 and pH 6, is shown. The data shows 
that as the pH value increases, the capacitance increases for a given voltage. It is obvious 
from the results that as the ionic strength of the solution on the top increases, the work 
function difference increases, thereby decreasing the capacitance, for the given voltage. The 
experimental data also shows that if the incident light on the device has a higher intensity, the 
capacitance is higher due to more electron-hole pairs being excited. 
 
Figure 5.1: C-V curves for different pH values 
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5.1.2 Operating Conditions Determination 
The initial experiments were done as proof of concept to verify that the device is suitable for 
our sensing purpose. As one can see in Figure 5.1, the units for capacitance are in nanofarads 
(nF), which can be easily measured using an LCR meter. To have a fully functional device, 
the following parameters had to be fixed: 
• Amount of the ionic liquid 
• Distance of electrode from the surface of device 
• Small signal voltage applied 
• DC bias voltage 
• Operating frequency 
 
All these parameters had to be fixed for all the measurements as change in any of these could 
lead to a fluctuating set of measurements. To ensure the amount of liquid, a micro pipette was 
used and 80 µL of liquid was always poured. For every measurement the previous liquid was 
sucked out using a syringe. The height of the electrode was preset using the stage mobility 
controls. 25 mV peak-to-peak voltage was used to determine capacitance at a given time. 
Based on Figure 5.1, we see that the device has its depletion region when DC bias is between 
0 and 2.5 V. For the LCR meter, the DC bias was set to 1.5 V for all the experiments.  
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The optimum operating frequency was also determined by consulting a capacitance versus 
frequency curve, shown in Figure 5.2. As seen, the maximum frequency had to be picked 
between 50 and 100 kHz, where the slope is the highest. 
 
 
Figure 5.2 Capacitance versus frequency curve 
 
5.1.3 Continual Experiments with Run-time pH Change 
After doing these initial experiments, the pH solutions were made with a step of 0.25 
differences and tested. The test results still hold valid. Repetitive experiments were done such 
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that pH solution was poured and then replaced, resulting in a pH value change. Later on, the 
previous pH value was again poured which yielded almost the same value. The slight 
difference in the values is justified by the fact that the interim pH value solution is left in the 
well, which affects the measurements. These results are shown in Figure 5.3. 
 
Figure 5.3: Experimental results with pH change on run time 
The results have been tested for acidic pH ranges only as of now. The main reason for this is 
that the basic solution can corrode the oxide layer and contaminate it. Thus, so far only pH 
ranges from 4 to 7 have been tested. As far as biological entities are concerned, this is a pretty 
safe range to work with. 
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5.1.4 Sensitivity 
The sensitivity of the sensor, as can be seen from Figure 5.3, is relatively high at 
~100pF/80µL/pH value change. We mentioned that the operating voltage for our experiments 
is 1.5 V in the current experiments. This value has been achieved by recording C-V curves 
and finding the optimal point for maximum difference in the values. This falls in the depletion 
region of the device.  The capacitance versus frequency response of the device shows that the 
sensitivity is maximized at 50-100 kHz. The amount of liquid, i.e. 80 µL, is relatively small as 
compared to liquid being used by other pH sensors. The pH sensing ability has been tested for 
even small amount of liquid and it works well even for 10 µL of solution. Here only 80 µL 
has been reported because this is what has been kept as a standard throughout whole sets of 
experiments. The proof of small quantity of liquids working can be found in next sub-section.  
5.1.5 Effects of Evaporation 
As mentioned in 5.1.3, run-time pH value changes can be detected. Besides this, the continual 
data for the device has been recorded at one frequency and voltage for several hours, resulting 
in evaporation of the liquid and eventually an open circuit leading to negligible capacitance. 
This is shown in Figure 5.4. Also an SEM image of the device which shows the accumulation 
of salt on the surface is shown in Figure 5.5.  
The sudden drop in the capacitance values in Figure 5.4 can be explained by the fact that as 
the liquid evaporates, the moment liquid becomes insufficient to have a contact between 
electrode and the surface, the value drops, and all that is left is stray capacitance, which in this 
case is negligibly small. The effect of evaporation can be seen with the naked eye as the 
accumulation of salt is obvious, as shown in Figure 5.6 and 5.7. 
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Figure 5.4: Effects of evaporation 
 
Figure 5.5: SEM image of the device 
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Figure 5.6 : Liquid evaporated – Angle 1 
 
Figure 5.7 : Liquid evaporated – Angle 2 
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5.2 Simulation 
Simulations have been done using the MOSCAP tool on nanohub [18]. The tool uses a 
mathematical model of MOSCAP based on the PADRE simulation tool in nanohub. The tool 
is really effective for our case. A snapshot of the tool is shown in Figure 5.8. 
 
Figure 5.8: MOSCAP tool on nanohub 
In this tool, our concern is a single-gate MOSC and once the simulations are run, such that the 
work functions for gate metals are changed, the C-V curve shifts significantly. The simulation 
result for this is shown in Figure 5.9. Why does this happen? We know from the basic theory 
that as the work function changes we are in effect bending the band diagram such that to 
achieve a flat band we need an external voltage. This results in shifting the curve totally to the 
left or to the right depending on the band bending. 
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Figure 5.9 : Metal work function value shifting c-v curve 
We can clearly see from Figure 5.9 that as the work function changes, the curve shifts to the 
right or to the left. The simulation uses the Self-Consistent Schrödinger Poisson Solver 
(SCHRED) [19]. This model is capable of modeling MOS-capacitors and even dual gate 
structures. It can very easily calculate the capacitances, i.e. inversion layer capacitance, 
depletion layer capacitance and gate capacitance.  
Now we know that this model can be effectively used for our iOSCAP. The only challenge 
associated with this model is that, to apply this model to our device, we need to have an 
estimate of work function of the ionic layer on top. It is necessary to mention that work 
function is basically the energy required to move an electron from the conduction band to 
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infinity. In these terms, we can have an estimation using the ionization energies of atoms 
constituting the ionic solution. These ionization energies can be the starting point of iterative 
analysis which can be formed by running multiple simulations such that for a given pH 
solution we can have a work function value. To my knowledge, no such work has been 
reported earlier, and it can be a breakthrough in this context. In Figure 5.10 and 5.11, the 
surface potential versus gate bias is shown for two different values of work functions. 
 
Figure 5.10: Surface potential vs. gate bias for gate work function - 4.05 eV 
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Figure 5.11: Surface potential vs. gate bias for gate work function -2.05 eV 
 
It can be clearly seen that as the gate work function changes, the surface potential varies, and 
this is a significant change. This change can be recorded as change in I-V curves, but we can 
get a better sensitivity by measuring the change in capacitance. This is based on the fact that 
the current changes as a derivative of voltage for capacitors.  
The frequency response of the device can be tested using this tool. Both high-frequency and 
low-frequency curves can be plotted and the frequencies can be adjusted. This tool has been 
used as a starting point and it is recommended that this tool should be extended to make a new 
tool which is proprietary to the device. Net charge density does not vary much with the gate 
work function and is the same for both the cases; it is shown in Figure 5.12. 
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Figure 5.12: Surface charge density for MOSCAP  
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CHAPTER 6: CONCLUSIONS  
 
This thesis has presented a device which can be useful for determining pH changes at the 
cellular level. The device is easy to fabricate and requires small volumes of liquid samples. 
The device works on the basic principles of MOS-capacitors. The only difference is the ionic 
layer instead of metal on top. This ionic layer has a varying work function which is based on 
the pH value of the solution. This work function changes the surface potential, thereby 
changing the capacitance of the device. This change in capacitance can be recorded using an 
LCR meter. Hence, when the top ionic layer changes its pH value, the pH significantly 
changes. As mentioned in the earlier chapters, the sensitivity of the device is 
~100pF/80µL/pH value change. This ensures that even small changes in pH can be easily 
detected. The only concern one may have is the availability of an LCR meter, which can 
detect such minute changes. The concept can be extended such that one can measure 
capacitance using simple devices. A device that can detect change in capacitance is all that is 
required. 
To start with, instead of using a MOSC, solar cells were deployed which led to identify some 
key issues. First of all, the solar cells used were purchased, not built in-house. The exact 
specifications of the device were inconsistent, as was revealed when inconsistency in the data 
for the solar cell was observed. Also, since we were measuring I-V curves for the solar cells, 
the lens effect could not be neglected due to water droplets. Hence, a robust and prompt 
solution was required. This led to shifting from solar cell to MOSC, which was fabricated in 
the lab, and thus I could determine all the parameters and keep them as required for the 
project. 
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In this project, the basic principle of MOSC has been utilized. A blend of innovation and 
existing technology has yielded a state-of-the-art technique. It has to be mentioned, however, 
that in this thesis I have explored the fundamental concepts and ideas behind this device. To 
come up with a commercially viable device is the ultimate task in this project. Consider a 
common man, having a smart phone, being able to measure pH levels of his saliva instantly. 
This can be achieved by focusing on the measurement methodology where, instead of an LCR 
meter, which has been used in this project, one can use a smart phone. This smart phone will 
also be able to log the data and provide the user with useful information on how to react to 
changes in pH levels. This is just one application targeted in this direction.  
Also, the packaging and modeling of the device are the two other important areas that need to 
be addressed. Packaging would ensure that there is no variability associated with the data set 
obtained from the device due to misplacement of any parts in the device. It would also ensure 
proper inflow and outflow of the detection sample. Besides that, modeling of the device 
would ensure that any specific requirements can be met by simply changing the modeling 
parameters, instead of making a device from scratch and testing it. Also, as a future work, it is 
recommended that the light excitation which has also been used in the experiment, to show 
how it affects the pH, should be focused to intracellular dimensions. This will lead to 
measuring intracellular pH levels, because as seen from the experiments, light excitation leads 
to an increase in the pH level due to electron-hole pair excitation.  
Thus, in effect the device that has been fabricated has its roots in basic electronics but has far-
reaching applications. It has to be mentioned that this device can be extended for commercial 
solutions to the existing problems. One potential problem that can be addressed is detection of 
47 
 
gastrointestinal problems. We know that improper digestion disturbs the pH level, which 
causes bad breath. Now, from a medical as well as hygienic point of view, if one has a metric 
defining bad breath based on pH level, one can take corrective measures. 
Hence, in this project, a robust, easy to fabricate, and highly sensitive device for pH detection 
has been fabricated and is being tested in the lab. The device needs to be tested and modeled 
for commercial viability. The device has numerous applications, ranging from bio-medical to 
hygiene. 
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